Introduction
[2] The East Asian summer monsoon (EASM) rainfall shows various regional variations such as Meiyu in China, Changma in Korea, and Baiu in Japan. The monsoon rainbands associated with these regional features appear at different phases of the monsoon cycle and exhibit variability at different time scales [Ueda et al., 1995; Lau and Yang, 1997] . The EASM trough forms over the South China Sea in mid-May and moves northward along the East Asian coastline in concert with the expansion of the North Pacific High in the western North Pacific (WNP). The monsoon trough is located over central China and Japan in early June, over Korea in late June and over northern China in early July [Ho et al., 2003] .
[3] The rainy season in Korea is spread over the JuneSeptember period. The annual cycle of rainfall consists of two periods of high rainfall separated by a break period [Wang and Ho, 2002] . The first peak in rainfall occurs during July and it is attributed to stationary fronts associated with the Changma [Cha et al., 2007; Chung et al., 2004] .
The Changma has been defined as approximately 40 days of precipitation from late June to late July [Lu, 2002; Ho et al., 2003; Ha et al., 2005] . The Changma provides more than 40% of the annual precipitation [Lu, 2002; Oh et al., 1997] and its interannual variability is very large [Ha et al., 2005; Ha and Lee, 2007] . The second peak in Korean rainfall occurs during August, and this is associated with the tropical storm activity [Qian et al., 2002; Wang and Ho, 2002; Ho et al., 2003] .
[4] Summer rainfall over Korea accounts for 50-60% of the annual precipitation [Kripalani et al., 2002] and replenishes the water resources in Korea [Chung and Yoon, 2000] . Therefore, interannual and interdecadal variations in rainfall and the reasons for these have been an issue of considerable interest. Using rainfall data at 10 locations in Korea for the period 1906 -2002 , Chung et al. [2004 showed that the interannual variations could have a large range. The minimum amount of precipitation of 753 mm was measured in 1907 and the maximum was measured at 1778 mm in 1998. Ha and Ha [2006] examined long-term precipitation record from Seoul in terms of characteristic climatic changes. They classified the record into different rainfall modes through empirical orthogonal function (EOF) analyses and found that the ''September mode'' has significantly diminished and the ''August mode'' has been enhanced during the modern era. Wang et al. [2007] found that the occurrence of the rainy season summit for Korea tends to be delayed from the 37th pentad (30 June -4 July) during the period 1778-1807 to the 44th pentad (4 -8 August) during the period 1975 . Ho et al. [2003 also showed an increase of August rainfall attributed to enhanced heavy rainfall (!30 mm/d) events for the period 1978 -2001 compared to the period 1954 -1977. [5] August rainfall has received little attention compared with Changma. There are no studies describing the temporal and spatial variation of July and August rainfall separately for different climate regimes. In this study, long-term trends and characteristics of the July and August rainfall over the East Asia as well as the Korean Peninsula were investigated. We have examined the shifting peak in rainfall and increase of August rainfall by analyzing the annual cycle. In addition, changes in low-level circulation associated with El Niño-Southern Oscillation (ENSO) effects for the July and August rainfall were examined.
[6] This paper is organized as follows: Section 2 describes the data used in this study and analysis method. In section 3, peak and its shift of Korean rainfall are described by annual cycle using station and gridded rainfall data. Section 4 presents the relationship between July/ August rainfall and sea surface temperature (SST) and its spatial characteristics. In section 5, we have examined the low-level circulation related to the change of connection between August rainfall and ENSO. Summary and discussion are presented in section 6.
Data and Analysis Method

Data
[7] The daily precipitation data measured by the Korea Meteorological Administration (KMA) at 12 weather stations, spreading across the Korean Peninsula, from 1954 onward are used in this study (hereinafter referred to as ''KMAR''). These weather stations are evenly distributed to represent an area mean value for Korea [Ho et al., 2003] . Several studies have used this station data set to represent the Korean rainfall and to study its variability. For example, using KMAR, Cha et al. [2007] revealed that long-term changes and extreme events in rainfall occurred in summer during the period of 1954 , and Ha and Ha [2006 examined climatic changes using the long-term rainfall data for Seoul. Kripalani et al. [2002] investigated the statistical relationship between winter-to-spring snow depth over Russia and summer rainfall over South Korea using KMAR. We have also used the CRU TS 2.1 Global Climate Data set (http://www.cru.uea.ac.uk/cru/data/hrg.htm) (hereinafter referred to as ''CRUR'') to describe the spatial distribution. The global nature of these data allows to examine the rainfall variability over the larger domain influenced by EASM. In addition, it has a much longer time series than KMAR. CRUR is composed of 1224 monthly time series (1901 -2002) of climate variables, covering the global land surface (excluding Antarctica), at 0.5 degree resolution [Mitchell and Jones, 2005] .
[8] Hadley Center Global Sea-Ice and Sea Surface Temperature (HadISST) data set (http://badc.nerc.ac.uk/data/ hadisst/) on a 1°latitude-longitude grid from 1871 [Rayner et al., 2003 ] is also used. For zonal and meridional winds at 850 hPa, from the National Centers for Environmental Prediction -National Center for Atmospheric Research (NCEP-NCAR) the gridded (2.5°Â 2.5°resolution) reanalysis data [Kalnay et al., 1996] are used.
Analysis Method
[9] In order to determine the shift in rainfall peak, the test statistic of Pettitt [1979] was applied. From a statistical point of view, a point of change is a location or time before which observations follow one distribution but follow another distribution afterward [Ha and Ha, 2006] . Pettitt [1979] derived the test statistic on whether there is a change in the median for the sequence of observation based on the rank of the observations.
[10] The change point can be obtained by the calculation of W and K:
Each of the observations X 1 , X 2 , . . ., X N are ranked from 1 to N, and r i is the rank associated with the observations X i . The change point is the values of j where the maximum in K.
[11] Pettitt's [1979] test was performed to detect a point of change of Korean rainfall derived from CRUR. The analysis period is from 1954 to 2002, which is covered by both rainfall data sets, in order to compare easily between two rainfall data sets. On the basis of the test of change point, 1975 emerged as a significant point of change at a 95% confidence level for both July and August rainfall. We have also applied the change point test to KMAR data sets. For July rainfall, 1975 is detected as change point, whereas 1978 is found for August rainfall. Since this difference between these two change points is small, we consider 1975 as the change point. Therefore, the data sets were partitioned into two periods, 1954 $1975 (hereinafter ''PI'') and 1976 $2002 .
Shift of Rainfall Peak
Climatology
[12] Ha and Ha [2006] indicated that the annual structure is more important for explaining the interannual variability and climate change than the annual mean. In addition, Goswami and Mohan [2001] emphasized that the interannual and decadal variabilities are closely related to the variability in intraseasonal oscillation which is an essential part of the Asian monsoon system. Figure 1 shows the climatological annual cycle of Korean rainfall for two periods using KMAR. The rainfall is high during the four month period of June -September, and the annual cycle clearly shows two peaks: one in July and the other in August. The average daily rainfall for July during PI period is 8.94 mm/d, and this is about 2 times as much as in June. August rainfall has increased since 1975, from 5.64 mm/d to 8.58 mm/d, on average. In the period of PII, amount of August rainfall exceeds July rainfall (7.63 mm/d). The rainfall does not show significant changes in spring, fall and winter between the two periods ( Figure 1c ). However, large changes are seen during June-September period. The July rainfall decreased and August rainfall increased during the PII period. Consequently, the annual peak in Korean rainfall that has been occurred during July before 1975 shifted to August thereafter.
[13] Many previous studies pointed out the interdecadal variability of EASM [e.g., Hu, 1997; Gong and Ho, 2002; Yu et al., 2004; Yu and Zhou, 2007] . Hu [1997] reported the abrupt change of summer climate over East Asia since the mid-1970s related to the behavior of western Pacific subtropical high and change of SST over Indian Ocean and tropical western Pacific. Yu and Zhou [2007] indicated the interdecadal change in precipitation over the East Asia in terms of the circulation change associated with the atmospheric cooling. In order to illustrate the shift in peak over the East Asia region as well as Korea, spatial distribution of July and August rainfall averaged over each period and their differences using CRUR are shown in Figure 2 . In July during the PI, rainfall in the south and central parts of Korea is high (Figure 2a ). This pattern does not change, but the intensity decreases, particularly over the southern part of Korea. The rainfall over Shandong (115°$112°E, 35°$38°N) in China, also decreased significantly. August rainfall over Korea shows more complex structure compared with July. A remarkable increase in August rainfall is seen over Korea and in the vicinity of Shanghai (120°-122°E, 28°-32°N), China ( Figure 2h ). Gong and Ho [2002] and Yu et al. [2004] also showed wet rainfall anomalies over the Yangtze River valley (along 30°N) in late 1970s. The significant difference of negative sign in the PI (Figure 2c ) indicates that the July rainfall is much larger than August. During the PII, however, difference between July and August became positive because of the enhancement of August rainfall (Figure 2f ). August rainfall increased over Korea and the southeastern part of China.
Comparison of Rainfall Characteristics Between July and August
[14] The correlation coefficient between July and August rainfall is À0.05, which suggests little relationship between the two. This is not surprising since the factors affecting July and August rainfall are different [Wang and Ho, 2002; Ho et al., 2003; Cha et al., 2007] . The interannual variabilities of July and August rainfall present different characteristics. The mean rainfall and its standard deviation for the Figure 2 . The average rainfall over East Asia and its difference for the PI and PII periods using the CRU TS 2.1 Global Climate Data set (CRUR): (a) July rainfall during PI, (b) August rainfall during PI, (c) August minus July rainfall during PI, (d) July rainfall during PII, (e) August rainfall during PII, (f) August minus July rainfall during PII, (g) the difference in July rainfall between the two periods, and (h) the difference in August rainfall between the two periods. The light and dark shadings in Figures 2c, 2f, 2g, and 2h represent the values significant at the 90% and 95% confidence level, respectively. month of July decreased from the PI to PII, whereas August rainfall and its standard deviation increased (Figure 3 ). The frequency of extreme years for August (when the rainfall exceeds its standard deviation) is high after the 1980s. Furthermore, rainfall amounts of extreme years increased in PII and their difference between PI and PII is significant over southeastern part of Korea and around Yangtze River in China at 90% confidence level (not shown). However, for July rainfall, rainfall amounts of extreme years are larger during the period of PI than PII even though the difference of rainfall amounts between PI and PII is not significant over Korea. This implies that July rainfall became moderate in the PII period and supports the inference that maximum rainfall in the annual cycle has shifted from July to August.
[15] Figure 4 shows the spatial pattern of standard deviation of July and August rainfall over the East Asian region using CRUR. There is a remarkable contrast between the variabilities of rainfall. In general, central part of Korea that has abundant rainfall (Figure 2) shows the large year-to-year variation of summer rainfall in both PI and PII periods. The interannual variability decreased all over Korea in July during PII as well as around Yangtze River in China. Zeng [2002, 2005] also showed the decadal change over EASM region since the mid-1970s by dynamical normalized seasonality (DNS) index. July rainfall over Korea shows similar summer rainfall variation to that in the middle and lower reaches of the Yangtze River having the negative relationship with DNS index (not shown).
Relation Between SST and Rainfall
[16] An intricate relationship exists between EASM and SST, particularly in the eastern Pacific. A strong biennial signal is present in the correlations between EASM (as represented by rainfall over China) and the tropical SST [Shen and Lau, 1995] . It is found that a wet EASM is preceded by warm eastern and central equatorial Pacific and Indian Ocean SST anomalies (SSTA) in the previous winter. A strong (weak) summer monsoon in the subtropical regions of East Asia tends to occur about two to three seasons after the NINO3 SSTA exceed 1.5°C (drop below À0.7°C) from the mean value [Wang et al., 2001 ]. The summer rainfall over northeast Asia tends to be enhanced after the mature phase of El Niño in the preceding winter [Lee et al., 2005] .To begin with, the change in SST (January -August) from PI to PII is investigated. Because the variation of SST is slow, the bimonthly mean SST is used. It is noted that the cooling of SST over North Pacific (20°N$50°N) is obvious, whereas warming over the Indian Ocean, Philippine Sea and eastern Pacific is significant (not shown). This increase of SST in PII may be related to ''warm'' Pacific Decadal Oscillation (PDO). The PDO is a long-lived El Niño -like pattern of Pacific climate variability [Mantua et al., 1997; Zhang et al., 1997; Mantua and Hare, 2002] . The ''cool'' PDO regimes prevailed from 1890 to 1924 and again from 1947 to 1976, while ''warm'' PDO regimes dominated from 1925 to 1946 and from 1977 through (at least) the mid-1990s [Mantua and Hare, 2002] . H. and Zhou et al. [2008] showed that the interdecadal variability over central and eastern Pacific can induce the EASM climate change by examining the results of ensemble simulation. This implies the importance of SST forcing on the EASM circulation. Particularly, in relation to the westward extension of the western Pacific subtropical high since the late 1970s, the results of numerical experiments showed that Indian Ocean -western Pacific warming plays a major role [Zhou et al., 2009b] .
[17] In order to understand whether SST exerts any control on the shift in rainfall peak over Korea, we further examined the correlation between bimonthly SST and Korean rainfall for both periods. Since rainfalls of both July and August have their own characteristics, the correlation of July and August rainfall with SST is examined separately. Spatial patterns of correlation coefficient for July rainfall ( Figure 5 ) are quite different from August ( Figure 6 ).
[18] Areas of significant correlation changed with time for all cases. During the PI, a strong negative correlation between the July rainfall and SST exists around Korea and Japan from spring to summer (Figures 5b-5d ). In addition, the SST over the Bay of Bengal and the South China Sea during summer period is positively related to the variability of July rainfall during the PII period (Figure 5h ). This implies that July rainfall in PII period is influenced by positive remote forcing from Indian Ocean and South China Sea in summer. Wu and Zhou [2008] and Wu et al. [2009] also suggested the essential role of SSTA surrounding the maritime continent and Indian Ocean in supporting the WNP anticyclone which is important in the EASM. However, the July rainfall has no teleconnection with ENSO during either the PI or the PII periods. On the other hand, the August rainfall is simultaneously impacted by SST variation over the eastern Pacific during the PI period (Figure 6d ). An El Niño SST condition (May -August) is highly associated with the intensity of the Korean rainfall in August. A dramatic shift in this relationship is seen during the PII period. No positive teleconnection between SST over the eastern equatorial Pacific and August rainfall has existed in recent years. Therefore, we focused the relationship change between August rainfall over Korea and ENSO in section 5.
ENSO Effect on August Rainfall
Comparison Between El Niñ o and La Niñ a Years
[19] ENSO can induce large wind anomalies over the WNP Wu and Wang, 2000] . The warm SST over the tropical eastern Pacific plays an important role in establishing the WNP anticyclone during the preceding winter of strong northeast Asian summer monsoon years [Lee et al., 2005] . Therefore, we have examined the lowlevel circulation associated with shifting in rainfall peak over Korea.
[20] To explore the impact of ENSO via the circulation over the WNP on shift of rainfall peak in detail, the composite analysis for El Niño/La Niña and strong/weak August rainfall years was carried out. Since August rainfall over Korea in PI period is related to SST over the eastern Pacific from May to August (Figures 6c and 6d ), El Niño (La Niña) years are defined when the NINO3.4 anomaly index averaged from May to August is above (below) 0.5 (À0.5) ( Table 1 ). The number of La Niña years is larger than that of El Niño years in PI period because PI period coincides with ''cool'' PDO regime. For rainfall, ''strong'' (''weak'') years are defined when the normalized August rainfall (KMAR) is more (less) than 0.5 (À0.5) standard deviation (Table 1 ). There are three (eleven) and nine (seven) cases for strong and weak years in the period of PI (PII), respectively. The correlation coefficient between the NINO3.4 anomaly index averaged from May to August and August rainfall is 0.59 that is significant at the 95% confidence level in the case of PI, while which is just 0.21 in the case of PII.
[21] During El Niño years in PI, Korea had much more rainfall than La Niña years. This is indicative of a positive relationship with the ENSO. In comparison, during the PII, difference between El Niño years and La Niña years is not significant. Some parts of Korea have less rainfall in the El Niño years than La Niña years during PII (not shown). 1954 -1975 (PI) 1976 -2002 El Niño 1957 , 1965 , 1969 , 1972 1982 , 1987 , 1991 , 1992 , 1993 , 1997 , 2002 La Niña 1954 , 1955 , 1964 , 1970 , 1971 , 1973 , 1974 , 1975 1988 , 1998 , 1999 Strong 1961 , 1969 , 1972 1976 , 1980 , 1985 , 1987 , 1991 , 1993 , 1998 , 1999 , 2002 Weak 1954 , 1956 , 1960 , 1963 , 1964 , 1967 , 1973 , 1974 , 1975 1977 , 1983 , 1988 , 1990 , 1994 , 1996 Associated with this rainfall aspect, we investigated the characteristics of low-level circulation. For the case of strong minus weak rainfall years, significant westerly and southerly wind anomalies are found around the East China Sea and Korea (Figures 7a and 7b) . The anticyclonic circulation becomes more dominant in strong rainfall years during PII period, which is related to the enhanced western Pacific high in warm PDO period . As aforementioned, Zhou et al. [2009b] indicated the westward extension since the late 1970s due to Indian Ocean -western Pacific warming. During the PI, the low-level circulation difference between El Niño and La Niña years showed anomalous westerly and southerly winds (Figure 7c ), similar to the strong minus weak August rainfall year cases. However, this anomalous pattern is not seen during PII period.
[22] Furthermore, the distinctive characteristics of El Niño and La Niña years were investigated using anomaly composite fields of El Niño and La Niña years for the PI and PII periods (Figures 8 and 9) . The August rainfall, lowlevel circulation, and 850 hPa geopotential height as well as SST in El Niño years have the opposite anomaly phase to La Niña years during the PI. The southeastern parts of China and Korea have more rainfall and the strong anticyclonic circulation anomaly over WNP can lead the strong EASM in El Niño years. However, the easterly and northerly anomalies in La Niña years may interrupt the transport the moisture into East Asian region. During PII, on the other hand, both rainfall and low-level circulation showed remarkable changes in La Niña years ( Figure 9 ). The cold core of SST over the eastern Pacific is moved westward and restricted within narrow region in meridional direction. Moreover, the warming of SST over EASM and WNP summer monsoon regions is remarkable. Rainfalls in both El Niño and La Niña years present positive anomaly. In particular, La Niña years have excess rainfall over Korea, which is in stark contrast with deficit rainfall during PI. This change was caused by changes in low-level circulation. The circulation over the East China Sea shows a reverse pattern to PI, westerly and southerly wind anomalies, much like those in El Niño years as shown in Figure 8 . This implies that the low-level circulation in recent years has changed such that it favors much rainfall over Korea. In addition, this circulation change is responsible for the change of relationship between August rainfall and ENSO.
[23] Since the sample size of La Niña years in PII is small, we further investigated the anomalies of rainfall and low-level circulation by adding four ''moderate'' La Niña years ( Figure 10 clonic circulation over the East China Sea is noticeable. These characteristics resemble the anomaly pattern of three pure La Niña years, implying that their anomalous features of these three La Niña years can describe the change of relationship between August rainfall and ENSO in spite of small sample size.
Circulation Change and Its Association With SST
[24] Since the SST warming over the Indo-Pacific region in La Niña years during PII period is very notable (Figure 9g ), the SST variability over that region can be a crucial factor for the circulation change in La Niña years. Therefore, we have investigated the linkage between low-level circulation and SST over the Indo-Pacific region in La Niña years. For PII period, the seven La Niña years are applied because they have similar circulation pattern with three pure La Niña years. Figure 11 shows the regression of August geopotential height at 850 hPa against the JA SST over the IndoPacific region (60°-120°E, 0°-15°N ). The SST warming over the Indo-Pacific region in La Niña years during PII period is very well associated with the development of subtropical western Pacific high in August.
[25] Recently, several studies suggested the relation between the SST increase over Indian Ocean and circulation over WNP. For example, Xie et al. [2009] indicated that the tropical Indian Ocean warming contributes the anomalous anticyclone over WNP via the Kelvin wave-induced Ekman divergence mechanism. Particularly, Wu et al. [2009] found two dominant modes of interannual variability of the EASM and their relationships with ENSO and Indian Ocean warming. They revealed that Indian Ocean basinwide warming in the ENSO decaying summer strengthens WNP anticyclone through the Kelvin wave-type low-level easterly response and anomalous Hadley circulation. Therefore, we examined the bimonthly evolving pattern of SST in La Niña years during PII period. The pattern of SST evolution is similar to the El Niño decaying summer (not shown), implying the close relationship between Indian Ocean warming and circulation change in La Niña years during PII period. [26] In addition, to reveal the significant region of SSTA that can drive the anticyclonic circulation over western Pacific related to August rainfall intensity, we further explored the regression of bimonthly SST against the area-averaged August 850 hPa zonal and meridional winds (Figure 12 ). The 850 hPa zonal and meridional winds during PI (PII) are averaged over the significant circulation region of 125°-137°E, 32.5°-37.5°N and 120°-127.5°E, 22.5°-32.5°N (120°-137.5°E, 30°-35°N and 115°-120°E, 20°-27.5°N), respectively, as shown in Figure 7 . During PI, the regression of JA SST onto the area-averaged 850 hPa zonal wind indicates well the relationship between ENSO and circulation over WNP related to the August rainfall over Korea. Meanwhile, SST variability over the Indo-Pacific region became more important for the westerly wind associated with August rainfall. Moreover, negative feedback with local SST is seen near Korea.
Summary and Discussion
[27] In its annual cycle, the rainfall over Korea has two peaks, one in July and the other in August. Changes in annual cycle in recent years were investigated using KMAR and CRUR for the period 1954 -2002 . Until 1975, the July peak was higher than the August peak, but after 1975 the rainfall in August exceeded that in July. This point of change was detected using Pettitt's [1979] test. The amount of July (August) rainfall and its standard deviation decreased (increased) after 1975. The frequencies of extreme August rainfall events and associated rainfall amounts have increased in recent years.
[28] The correlation between SST and rainfall for each period was examined to determine the cause of the shifting peak of Korean rainfall. The impact of ENSO on Korean rainfall has changed from PI (1954 PI ( -1975 to PII (1976 PII ( -2002 . During the PI period, a warm SSTA over the eastern Pacific simultaneously influenced the intensity of the August rainfall. However, this relationship has not been maintained during the PII period.
[29] The ENSO influences August rainfall over Korea via low-level circulation over the WNP. During the PI period, the anomalous circulation pattern produced by the El Niño minus La Niña composite is comparable to that of the strong minus weak rainfall year composite. In strong years and El Niño years during the PI, anomalous westerly and southerly winds are dominant in the vicinity of the East China Sea and Korea and these winds are associated with strong August rainfall. In La Niña years during PI, easterly and northerly wind anomalies are predominant. During the PII period, however, westerly and southerly wind anomalies around East China Sea were responsible for the abundant August rainfall over the East Asian region, even though La Niña SST conditions were in effect over the eastern Pacific. These results suggest that the manner in which ENSO affects the rainfall over Korea has changed since the mid-1970s.
[30] In this study, in relation to the circulation change in La Niña years during PII, warming over the Indo-Pacific region is considered to be a critical factor. Particularly, the evolution of SST in La Niña years during PII period resembles the ENSO decaying summer pattern suggested by Wu et al. [2009] . Moreover, Yang et al. [2007] and S. showed that the Indian Ocean warming forces an anticyclonic anomaly over the subtropical western Pacific, intensifying the southwesterly winds to East China related to enhancement of the EASM based on GCM study.
[31] Meanwhile, it is noted that ENSO-monsoon relationship through remote forcing and local air-sea interaction is changed since the 1970s . In relation to the variability of the Asian monsoon, Zhou et al. [2009a] suggested the importance of the local air-sea coupling effect as well as the remote El Niño forcing on the basis of the performance of AMIP simulation. In addition, it has been suggested that the distinct tropospheric cooling trend is related to the regime shift of EASM circulation [Yu et al., 2004; Yu and Zhou, 2007] . The mechanisms for circulation change need to be more fully explored in further study.
[32] Furthermore, many factors such as the tropical cyclone, the variability of WNP and the local air-sea-land interaction may affect August rainfall. As stated above, August rainfall over Korea is associated with the tropical cyclone activity. Actually, the number of August tropical cyclones that influenced Korea increased from PI (1.09/yr) to PII (1.22/yr). Further study is needed to examine the other factors and processes inducing the August rainfall increase as well as the factors for the change in July rainfall.
